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ABSTRACT 


During  this  analytical  study,  large  aircraft  gas  turbine  engine  advanced  bearing 
and  seal  technology  was  reviewed  to  determine  those  concepts  which  may  be 
applicable  to  small  advanced,  front  drive  turboshaft  engines  in  the  2-  to  10-lb/sec 
airflow  size.  Based  on  this  review  and  a  study  of  simple  mechanical  arrange¬ 
ments  which  appear  to  be  feasible,  problems  associated  with  the  design  of  the 
bearings  and  seals  in  these  small,  advanced  turboshaft  engines  are  discussed. 
Finally,  design  approaches  and  test  programs  required  to  provide  solutions  to 
these  problems  are  recommended. 
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INTRODUCTION 


BACKGROUND 

During  the  next  decade,  it  can  be  expected  that  small,  advanced,  turboshaft 
engines  will  be  developed  in  the  2-  to  10-lb/sec  airflow  size.  As  has  been 
the  case  in  large  aircraft  gas  turbines  in  recent  years,  these  small  turboshaft 
engines  will  use  advanced  compressors,  turbines,  and  combustors.  These 
advanced  components,  coupled  with  the  use  of  high  DN  bearings  and  high  speed 
seals, should  lead  to  simpler  mechanical  arrangements. 

PURPOSE 


The  purpose  of  this  study  is  to  review  bearing  and  seal  concepts  used  in  large, 
advanced  aircraft  gas  turbines  and  to  identify  those  concepts  applicable  to  small, 
advanced  engines  in  the  2-  to  10-lb/eec  airflow  size.  Another  purpose  of  the 
study  is  to  identify  bearing  and  seal  problems  which  require  solution  in  the  design 
of  advanced,  small  engines. 
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TECHNICAL  APPROACH 


The  design  and  analytical  study  was  conducted  in  the  following  5  phases; 

phase  I  reviews  large  engine  bearing  and  seal  technology  and  package  concepts  to 
detemiine  which  concept  features  might  be  applicable  to  small  gas  turbine  engines. 

Phase  II  reviews  existing  and  advanced  components  for  small  gas  turbine  engines 
of  the  2-  to  10-lb/sec  airflow  size  to  determine  the  general  range  of  component 
sizes,  speeds,  pressures,  loads,  and  temperatures. 

Phase  III  attempts  to  determine  factors  for  scaling  large  bearing  and  seal 
package  technology  to  small  scale  applications. 

Phase  IV  identifies  problems  associated  with  scaling,  and  recommends  systematic 
test  programs  required  to  provide  scale  factor  data. 

Phase  V  identifies  bearing  and  seal  technology  that  is  necessary  to  provide 
solutions  to  the  requirements  for  advanced  small  engines,  and  discusses  the 
inherent  problems  of  existing  and  advanced  small  engine  bearing  and  seal  designs. 
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LARGE  ENGINE  BEARING  AND  SEAL  TECHNOLOGY  (PHASE  I) 


In  this  part  of  the  study,  a  comprehensive  review  was  conducted  of  the  practices 
used  by  the  General  Electric  Company  in  the  design  of  large  engine  bearings  and 
seals  and  is  published  in  GE  Report  R70AEG345*.  This  report  summarizes  main 
ball  and  roller  bearing  designs  ;  bearing  heat  generation  calculations;  squeeze - 
film  oil  damping;  and  the  effect  of  ball  size,  internal  geometry,  and  speed  on 
ball  bearing  fatigue  life.  Also  discussed  is  experience  with  skidding  of  both  ball 
and  roller  bearings.  The  most  significant  information  presented  in  Report 
R70AEG345  is  the  effect  of  ball  size  and  speed  on  calculated  fatigue  life  as 
shown  in  Figure  1.  This  figure  shows  that  at  low  DN,  life  can  be  increased 
significantly  by  increasing  ball  diameter.  However,  as  DN  approaches  3  x  10^  , 
the  calculated  life  of  less  than  100  hours  (without  multipliers  for  material  or 
mission)  can  be  optimized  by  reducing  ball  diameter. 

Other  ways  of  increasing  Bjq  life,  by  reducing  centrifugal  force,  are  the  use  of 
either  hollow  or  drilled  balls.  In  the  past  few  years,promising  results  have  been 
obtained  in  laboratory  testing  of  these  configurations. 

Report  R70AEG345  also  describes  the  various  types  of  shaft  seals  used  on  larger 
GE  engines  and  the  basis  for  their  selection.  In  general,  face-tyTpe  carbon  seals 
are  used  when  the  temperature,  AP,  and  surface  speed  exceed  750  F,  80  psi, 
and  25,  000  ft/min  respectively.  The  J93,  GE4,  FlOO,  and  FlOl  are  large  GE 
engines  using  face- type  carbon  seals. 

In  applications  where  temperature,  AP,  and  speed  are  lower  than  the  above,  and 
where  low  oil  consumption  is  required,  circumferential  carbon  seals  are  used  . 
The  J85,  T64,  J79,  J97,  and  TF34  are  GE  engines  using  this  type  of  seal. 

In  applications  where  very  long  life  is  required,  labyrinth  seals  are  used.  For 
example,  labyrinth  seals  are  used  on  the  GE  TF39  and  CF6,  the  Rolls-Royce 
RB211,  and  the  HP  rotor  of  the  P&WA  JT9D.  The  disadvantage  of  labyrinth  seals 
is  high  air  leakage  into  the  sumps  necessitating  large  vent  systems.  Usually,  oil 
consumption  is  higher  than  could  be  achieved  with  carbon  seals. 


*  Perkins,  P.  A. ;  Pope,  A.N. ;  Moore,  C.C.,  BEARING  AND  SEAL 
SCALABILITY  STUDY  -  LARGE  ENGINE  TECHNOLOGY,  General  Electric 
Co.,  R70AEG345,  November  5,  1970. 
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BEARING  B| 


LARGE  ENGINE  BEARING  AND  SEAL  PACKAGE  CONCEPTS 


In  the  past  10  years,  the  use  of  higher  DN  bearings  and  higher  seal  speeds, 
together  with  reductions  in  the  lengths  of  compressors,  combustors,  and  turbines, 
has  led  to  the  simplification  of  a  number  of  large  two-shaft  engines.  Illustrations 
of  these  advances  shown  in  Figures  2  through  5  compare  the  advanced  GE  FlOO  to 
the  older  CF6  and  compare  the  new  P&WA  JT9D  to  the  older  JT8D.  As  shown  in 
Table  I,  advanced  technology,  in  the  case  of  the  P&WA  engines,  resulted  in 
reducing  the  number  of  bearing  sumps  from  4  to  3  and  the  number  of  bearings 
from  6  to  4.  In  the  case  of  the  GE  engines,  advanced  technology  resulted  in 
reducing  the  number  of  sumps  from  4  to  2  and  the  number  of  bearings  from  8  to  4. 
The  HP  rotors  on  the  newer  engines  are  supported  on  only  2  bearings. 

On  the  GE  FlOO  engine,  reduction  to  2  sumps  was  achieved  by  supporting  the  aft 
HP  roller  bearings  differentially  on  the  LP  shaft  as  shown  in  Figure  6.  The 
differential  bearing  arrangements,  being  used  in  the  aft  sump  of  the  GE  FlOl  and 
other  new  GE  engines,  also  require  a  differential  carbon  seal.  The  FlOO  engine 
used  a  face-type  differential  carbon  seal  as  shown  in  Figure  6.  Report 
R70AEG345*  describes  a  split-ring  carbon  seal  being  considered  as  a  simpler, 
lighter  weight  replacement  for  the  face-type  seal.  Figure  7  shows  a  conventional 
split- ring  seal  that  can  be  used  at  differential  pressures  up  to  35  psi.  Figure  8 
shows  a  force-balanced  version  that  is  being  considered  for  applications  with 
higher  differential  pressures. 


TABLE  I.  LARGE  ENGINE  BEARING  AND  SUMP  COMPARISON 


GE  Co. 

P&WA 

Item 

TF39 

FIDO 

JT8D 

JT9D 

No.  of  Sumps 

4 

2 

4 

3 

No.  of  Bearings 

HP  Rotor 

4 

2 

3 

2 

LP  Rotor 

4 

2 

3 

2 

Highest  DN/10® 

Ball  Bearing 

1.63 

2.10 

1.90 

1.80 

Roller  Bearing 

1.63 

1.23 

- 

- 

Type  Seals 

HP  Rotor 

Labyrinth 

Face 

Carbon 

Labyrinth 

Labyrinth 

LP  Rotor 

Labyrinth 

Face 

Carbon 

Labyrinth 

and 

Circum¬ 

ferential 

Carbon 

Face 

Carbon 

Seal  Speeds  (ft/min) 

HP  Rotor 

- 

25,800 

- 

- 

LP  Rotor 

16,700 

20,400 
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Figure  5*  P&WA  JT9D  Engine  Cross  Section, 


■e  6.  GE  FlOO  Face-Type  Differential  Carton  Seal  Arrangement. 
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OUTER  SHAFT  RACE 
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INNER  SHAFT  RACE 


SPACER 

CARBON  RETAINER 


Figure  7.  Split-Ring  Intershaft  Seal  Components. 


OUTER  SHAFT 

RADIAL  SEAT 
SEAL  RING 
LOW  PRESSURE  SEAT 
HIGH  PRESSURE  SEAT 
INNER  SHAFT 


Figure  8.  Force-Balanced  Split-Ring  Seal. 
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REVIEW  OF  EXISTING  SMALL  ENGINES  (PHASE  H) 


A  thorough  review  was  conducted  of  various  aspects  of  bearings  and  seals  for  a 
large  number  of  small  turbojet  and  turboshaft  engines.  This  review  is 
summarized  in  Table  n  which  shows  the  following: 

1.  Both  labyrinth  and  carbon  seals  have  been  employed  by  various 
companies. 

2.  The  number  of  sumps  used  ranges  from  the  minimum  of  2  to  as  many 
as  5. 

3.  The  number  of  bearings  on  two-shaft  engines  varies  from  the 
miramum  of  4  to  as  many  as  7. 

4.  Most  engines  place  the  HP  ball  bearing  in  the  compressor  inlet  sump 
presumably  because  of  a  cooler  environment. 

5.  Most  current  small  engines  use  jet  oil  lubrication. 

6.  A  few  engines  employ  underrace  lubrication  for  lubrication  and 
cooling. 

7.  About  50%  of  the  engines  listed  employ  some  form  of  squeeze-film 
oil  damping  or  bearing  support  flexibility. 

g 

8.  DN*s  as  high  as  2. 2  x  10  are  used  in  small  engine  design. 
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TABLE  n.  CURRENT  SMALL  ENGINE  BEARING  AND  SEAL  ARRANGEMENTS 


uear  train  irom  miaoie  oi  engine  c.  3  shaft  engine  e.  Information  not  available 

These  are  small  turbojets  d.  Some  supports  hard,  some  flexible 


TABLE  n.  Continued 
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Gear  train  front  middle  of  engine  c,  3  shaft  engine  e.  Information  not  available 

These  are  small  turbojets  d.  Some  supports  hard,  some  flexible 


ADVANCED  SMALL  ENGINE  BEARING  AND  SEAL  CONCEPTS 


Bearing  and  seal  arrangements  for  advanced  engines  in  the  2-  to  10-lb/sec  air¬ 
flow  size  were  studied.  Basic  assumptions  were  made  oi  the  compressor 
pressure  ratio,  turbine  inlet  temperature,  combustor  length,  and  the  number  of 
compressor  and  turbine  stages  that  might  be  used  in  advanced  engines.  These 
assumed  design  criteria  are  presented  in  Table  III.  For  all  cases,  a  front  drive 
was  assumed  on  the  basis  that  this  would  result  in  the  highest  HP  rotor  bearing 
DN's  and  thus  present  the  most  difficult  design  problem.  This  assumption  was 
also  made  on  the  premise  that  it  would  be  a  relatively  simple  matter  to  convert 
a  front-drive  to  a  rear-drive  turboshaft  engine. 


TABLE  m.  DESIGN  CRITERIA 


Engine  Airflow  (Ib/sec) 

_ 

Design  Criteria 

2 

5 

10 

Compressor  Pressure  Ratio  (P2/P3) 

10 

15 

17 

Turbine  Inlet  Temperature  (T^),  °F 

2200 

2400 

2500 

Number  of  Compressor  Stages 

Axial 

1 

2 

2 

Centrifugal 

1 

1 

1 

Combustor 

Reduced 

Axial 

Length 

Reduced 

Axial 

Length 

Reduced 

Axial 

Length 

Number  of  Turbine  Stages 

HP 

1 

1 

1 

LP 

2 

2 

2 

Drive  Location 

Front 

Front 

Front 

Based  on  the  preceding  guidelines  and  the  objective  of  achieving  the  same  degree 
of  mechanical  simplicity  as  in  large,  advanced  engines,  conceptual  drawings 
were  made  of  two-sump  turboshaft  engines  in  the  2-,  5-,  and  10-lb/sec  airflow 
size.  These  are  shown  in  Figures  9,  10,  and  11.  Figures  9  and  10  show  a  sump 
and  bearing  arrangement  very  similar  to  that  in  the  GE  FlOO  turbofan  engine, 
which  utilizes  a  differential  roller  bearing  to  support  the  aft  end  of  the  HP  rotor. 
Figure  11  shows  an  alternate  arrangement  of  the  2-lb/sec  size  with  the  aft  sump 
between  the  HP  and  LP  turbines.  In  this  latter  concept,  the  HP  rotor  aft  roller 
bearing  does  not  operate  differentially. 

Table  IV  lists  the  various  bearing  and  seal  design  parameters  for  the  arrange¬ 
ments  studies.  In  the  case  of  the  5-lb/sec  size,  the  engine  was  scaled  diametrally 
by  (airflow)  from  the  GE12  airflow.  This  results  in  a  HP  rotor  speed  of 
59,500  rpm.  At  2  Ib/sec,  the  HP  rotor  speed  scaled  in  this  fashion  would  have 
been  95, 500  rpm,  with  an  LP  shaft  speed  of  51,  300  rpm.  These  speeds,  however, 
were  believed  to  be  too  high  to  be  practical.  Also,  the  space  available  for  the 
front  HP  bearing  was  believed  to  be  too  restricted.  Consequently,  the  aero 
design  of  the  compressor  and  turbine  was  adjusted  for  the  reduced  speeds  of 
75, 000  and  42, 100  rpm  for  the  HP  and  LP  rotors,  respectively.  Table  IV  lists 
the  bearing  and  seal  parameters  for  this  2-lb/sec  engine.  This  latter 
configuration  is  shown  in  Figures  10  and  11. 

One  important  factor  in  the  successful  operation  of  advanced,  two-sump,  two- 
shaft  engines  is  designing  the  LP  shaft  to  operate  well  below  the  first  bending 
critical  speed.  This  was  very  thoroughly  analyzed  for  the  2-lb/sec  configuration 
shown  in  Figure  10,  using  the  GE  VAST  computer  program.  Using  the  VAST 
model  shown  in  Figure  12,  the  critical  speeds  excited  by  the  LP  and  HP  turbine 
rotors  were  determined  to  be  as  shown  in  Figure  13,  The  following  will  be  noted 
from  Figure  13: 

1.  The  first  and  second  LP  rotor  translation  criticals  occur  below  the 
maximum  speed  of  42,160  rpm;  operation  near  translation  modes  can 
be  accommodated  by  use  of  squeeze-film  oil  damping  and  flexible 
bearing  supports. 

2.  The  third  critical  (of  the  LP  shaft  first  bending)  occurs  at  64, 506  and 
56, 186  rpm  as  excited  by  the  LP  and  HP  rotors,  respectively. 

With  a  maximum  LP  speed  of  42, 160  rpm,  there  is  33%  margin  to 
the  56, 186  rpm  first  bending  critical  as  excited  by  unbalance  in  the 
HP  rotor.  This  margin  is  greater  than  the  20%  normally  used  by  the 
GE  Co.  as  a  design  criterion  and,  thus,  is  more  than  adequate. 


18 


TABLE  IV.  BEARING  AND  SEAL  DESIGN  PARAMETERS 


r  —  ■  ■■  ■  ,  ■  . . 

j  Engine  Airflow  (Ib/sec) 

2 

5 

9.1 

75,000 

59,500 

44,700 

42,100 

40,429 

26,500 

1.6 

1.4 

1.88 

1.48 

1.04 

1.36 

1.4 

1.2 

1.62 

1.48 

1.04 

1.36 

9. 96 

12.9 

16.66 

13.37 

18.6 

24.66 

15.66 

47.9 

197 

28.57 

48.9 

201 

8.26 

18.9 

43.6 

9.47 

10.0 

23.2 

128 

124 

175 

119 

114 

186 

20.7 

31.1 

31.1 

20.7 

31.1 

31.1 

14.7 

14.7 

14.7 

14.7 

29.4 

29.4 

163 

235 

235 

179 

238 

238 

60 

60 

60 

60 

270 

270 

3. 05 

2.13 

2.13 

1.23 

0.50 

0.63 

1.50 

1.23 

1.09 

1.58 

1.07 

0.92 

Design  Parameter 


Rotational  Speeds  (rpm) 

HP  Rotor 
LP  Rotor 

Shaft  Diameter  (in.) 

HP  Front  Bearing 
HP  Rear  Bearing 
LP  Front  Bearing 
LP  Rear  Bearing 

Rotor  Spans  (in . ) 

HP  Rotor 
LP  Rotor 

Polar  Moment  of  Inertia  (Ib/in  ) 
HP  Rotor 
LP  Rotor 

Rotor  Weight  (lb) 

HP  Rotor 
LP  Rotor 

Rotor  Thrust  (lb) 

HP  Rotor 
LP  Rotor 

Seal  Air  Pressure  (psia) 

HP  Front  Seal 
HP  Rear  Seal 
LP  Front  Seal 
LP  Rear  Seal 

Seal  Air  Temperature  (®F) 

HP  Front  Seal 
HP  Rear  Seal 
LP  Front  Seal 
LP  Rear  Seal 

Bearing  DN/10® 

HP  Front  Bearing 
HP  Rear  Bearing 
LP  Front  Bearing 
LP  Rear  Bearing 
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While  shaft  dynamics  analyses  were  not  conducted  for  the  various  engines  in  the 
2-  to  10-lb/sec  size,  it  is  concluded  based  on  the  preceding  analysis  that  the 
two-sump  arrangement  can  be  used  on  advanced  2-  to  10-lb/ sec  turboshaft 
engines.  The  biggest  obstacle  in  achieving  this  configuration  is  the  high  DN 
required  at  the  compressor  forward  bearing. 


Figure  9.  Bearing  and  Seal  Arrangement  for  a  Typical  5-  to  10-lb/sec 
Advanced  Small  Turboshaft  Engine. 


Figure  9 


.  Bearing  and  Seal  Arrangement  for  a  Typical  5-  to  10-lb/sec 
Advanced  Small  Turboshaft  Engine. 
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Figure  10.  Bearing  and  Seal  Arrangement  for  a  2-lb/sec  Small  Turboshaft 
Engine  -  Front  Drive,  4  Bearings, 
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Figure  11.  Bearing  and  Seal  Arrangement  for  a  2-lb/sec  Small  Tuiboshaft 

Engine  -  Front  Drive  With  Aft  Sump  Located  Between  the  High- 
and  Low-Pressure  Turbines. 
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PRECEDIHE  PARE  BLANK 


Figure  12.  VAST  Model  for  a  Front  Drive,  2-lb/sec  Shaft  Engine, 


■"WWW 


L  P  ROTOR 

RPM 


LP/ HP  TURBINE  OUT  OF  PHASE  72,531 
( I0.6E-3,  3.735E-3) 


POWER  SHAFT  BENDING  64,506 J 

(IOO.E-3,  8.75E-3) 


MAX,  DESIGN  SPEED  42,160  - 

COMPRESSOR  TRANSLATION  39,436- 
(l.283E-3,2.47IE-3) 


LP/HP  TURBINE  IN  PHASE  17,907  - 

(3.949E-3,  2.347E-3) 


HP  ROTOR 

RPM 

r  94,362  COMPRESSOR /POWER  SHAFT 
OUT  OF  PHASE 

(5.I74E-3,4.8I2E -3,  3.293E-3) 


75,000  MAX,  DESIGN  SPEED 


-69,952  LP/HP  TURBINE  OUT  OF  PHASE/ 
FOWARD  MT, 

{6,968E-3,  .35l-E,7,l49E-3) 


h  56,186  POWER  SHAFT  BENDING 

(3,775E-3,  9.082E-3,7,952E-3) 


38,682  COMPRESSOR  TRANSLATION 

(5.390E-3,4,l47E-3,  825E-3) 


j- 17,426  HP/LP  TURBINE  IN  PHASE 

( l.l56E-3,2,22IE-3,3  428E-3) 


Figure  13.  VAST  Vibration  Analysis  for  a  2-lb/sec  Shaft  Engine. 
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sc  A  [.ABILITY  (PHASES  III  AND  IV) 

From  the  parameters  established  in  Phase  II  for  2-  to  10-  Ib/sec  size  advanced 
engines,  analyses  were  conducted  on  various  aspects  of  small,  high  speed 
bearings  and  shaft  seals.  The  most  significant  results  of  these  analyses, 
documented  in  GE  Report  R70AEG421  *  follow. 

BEARINGS 

As  was  shown  in  Phase  I  for  large  engine  ball  bearings,  the  calculated 
fatigue  life  (without  a  multiplier  for  M30  material)  falls  well  below  100  hours  as 
DN  approaches  3  x  10^.  Illustrated  in  Figure  14,  the  HP  ball  bearing  in  the  2- 
Ib/scc  engine  studied  in  Phase  II  would  have  a  calculated  life  of  only  25  hours 
at  a  DN  of  3  x  lO”.  Even  with  a  multiplier  of  5  for  M50  material,  the  fatigue 
life  is  believed  to  be  inadequate. 

To  achieve  satisfactory  bearing  life,  a  calculated  B^q  life  of  at  least  100  hours 
(without  1V150  multiplier)  is  deemed  necessary.  Referring  to  Figure  15,  a  Bjq 
life  of  100  hours  for  the  2-lb/sec  engine  ball  bearing  could  be  achieved  by 
reducing  the  DN  from  3  x  10°  to  2.  5  x  10®.  This  would  require  a  reduction  in  the 
HP  shaft  diameter  fi’om  1.6  in.  to  1.  3  in. ,  which  is  believed  possible.  This 
decrease  would  require  a  similar  reduction  in  the  diameter  of  the  LP  shaft  just 
as  it  passes  under  the  HP  ball  bearing.  In  view  of  the  large  (33%)  margin 
between  maximum  speed  and  the  first  bending  critical  as  presented  in  the  Phase 
II  discussion,  the  reduction  in  the  diameter  of  the  LP  shaft  near  its  forward 
support  should  be  feasible. 

Tlie  effect  of  co-rotation  versus  counterrotation  on  the  calculated  B^q  life  and 
cage  stresses  in  differential  roller  bearings  was  also  examined.  Figure  16 
shows  tliat  for  the  9. 1-lb/sec  engine,  the  Bi^q  life  (without  M50  multiplier)  would 
be  180  hours  versus  27,000  hours  at  an  HP  ball  bearing  DN  level  of  2.5  x  10®. 

This  large  increase  in  B^q  life  is  the  result  of  very  low  centrifugal  forces 
between  the  rollers  and  outer  race  due  to  the  much  lower  speed  of  the  cage  and 
rollers  with  counterrotation.  This  lower  cage  speed  will  also  reduce  cage  hoop 
stress.  Counterrotation  of  the  shafts  cannot  be  used,  however,  unless  the 
problem  associated  witn  the  very  high  differential  seal  speed  can  be  solved. 


*  Perkins,  P. A.;  Pope,  A.  N, ;  Moore,  C. C. ;  BEARING  AND  SEAL 

SCALABILITY  -  SMALL  ENGINE  TECHNOLOGY,  General  Electric  Company, 
R70AEG421,  November  5,  1970. 
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BEARING  B|o  LIFE  (  MULTIPLY  BY  20  FOR  M50  MATERIAL)  -  HR 


The  equation  used  to  calculate  bearing  power  loss  and  heat  generation  is: 
Q  =  42.5x10'®  DN  (lO"®  CN  +  1.64  +  .000286  P) 


where  Q 
D 
N 
C 
U 

w 

p 


heat  generation,  Btu/min 
bearing  bore  diameter,  mm 
shaft  speed,  rpm 
basic  load  rating,  lb 
lubricant  viscosity,  centipoise 
oil  flow  through  beating,  gal/min 
equivalent  load,  lb 


This  equation  has  been  found  to  be  reasonably  accurate  for  bearing  bore  sizes 
over  100  mm  and  for  DN  values  up  to  2.2  x  10®  ;  however,  the  equation  has  been 
found  to  be  inaccurate  in  evaluating  the  power  loss  in  small,  high  speed  bearings 
such  as  would  be  used  in  the  2-  to  10-lb/sec  size  engines.  For  example,  during 
components  testing  of  the  gas  generator  bearings  of  the  GE12  engine,  heat 
generated  was  only  about  1/3  of  that  predicted  by  use  of  the  above  equation. 


Another  aspect  of  ball  bearings  that  does  not  scale  well  is  ball  mass.  As  shown 
in  Figure  1,  the  calculated  Bj^q  life  of  large  bearings  at  DN's  near  3  x  10®  can 
be  increased  by  decreasing  ball  diameter  and  weight.  This  is  also  true  of  small 
bearings,  as  shown  in  Figure  17  for  a  particular  diameter  and  speed.  However, 
in  the  case  of  a  small  bearing,  the  ball  weight  can  only  be  reduced  by  a  limited 
extent  because  of  physical  limitations.  In  the  case  of  large  bearings,  ball  weights 
can  be  greatly  reduced  by  using  hollow  balls  and  drilled  balls,  techniques  that 
will  be  difficult,  if  not  impossible,  to  employ  with  small  bearings. 


SEALS 


As  presented  in  Table  IV,  the  seal  pressures  and  temperatures  in  the  configu¬ 
rations  studied  are  well  below  the  circumferential  carbon  seal  limit  of  80  psi 
and  750  F.  The  highest  rubbing  speed  would  occur  in  the  front-drive  2-lb/sec 
engine.  If  the  bearing  bore  is  1. 6  in. ,  assuming  that  the  seal  is  1/4  in.  larger, 
the  rubbing  speed  at  75, 000  rpm  would  be  36, 200  ft/min. 

Even  if  the  bearing  bore  is  reduced  to  1. 3  in.  to  achieve  a  DN  of  2.5  x  10®,  the 
rubbing  speed  would  be  30,400  ft/min  which  is  still  well  above  the  25, 000  ft/min 
capability  of  circumferential  carbon  seals.  It  is  clear  that  either  labyrinth  or 
face-type  carbon  seals  must  be  used  on  the  HP  rotor  of  advanced,  small  engines 
as  configured  in  this  study. 
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Figure  17.  Effect  of  Ball  Diameter  on  Fatigue  Life 


Since  labyrinth  seals  are  available  and  well  accepted  seals  as  such  should  not 
be  a  barrier  problem  in  the  design  of  advanced  smjll  engines.  Because  of  very 
high  speeds,  labyrinth  seals  are  being  used  on  the  HP  rotors  of  the  GE12  and 
P&WA  JT8D  and  JT9D.  The  latest  airbus  large  engines,  the  GE  CF6  and  Rolls- 
Royce  RB211,  use  labyrinth  seals  on  both  the  HP  and  LP  shafts.  The  problem 
with  labyrinth  seals,  of  course,  is  higher  oil  consumption  due  to  higher  leakage 
of  air  into  the  sumps  and  thence  overboard  through  the  air/oil  separator.  For 
small  engines,  the  seal  leakage  becomes  disproportionately  high  because  seal 
clearances  cannot  be  scaled  from  large  to  small  engines.  For  example,  the 
TF39  engine  operates  with  labyrinth  seal  radial  clearances  of  7  to  12  mils  while 
the  GE12  operates  with  labyrinth  seal  clearances  of  3  to  5  mils. 

Another  seal  parameter  that  does  not  scale  well  due  to  manufacturing  capability 
is  runout  of  the  seal  runner.  While  the  runout  in  small  engines  will  be  lower 
than  that  in  large  engines,  the  rainout  will  not  scale  directly  with  size.  The 
importance  of  this  is  shown  in  Figure  18  which  presents  the  effect  of  speed  and 
runout  on  the  inertia  force  to  which  the  circumferential  carbon  segments  are 
subjected.  At  the  low  speeds  of  large  engines,  the  inertia  forces  are  practically 
nonexistent.  However,  at  the  very  high  speeds  of  small  engines,  inertia  forces 
are  very  high,  particularly  at  the  runouts  that  may  exist.  These  high  inertia 
forces  will  add  to  the  normal  forces  due  to  the  pressure  and  garter  spring  and 
may  cause  a  significant  reduction  of  carbon  seal  life.  The  same  problem  exists 
with  runouts  of  face-type  carbon  seals  as  shown  in  Figure  19. 
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Figure  18.  Inertia  of  Carbon  Seal  Ring  Assembly  vs  Siiaft  RPM. 
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L  WEIGHT 


RECOMMENDED  TEST  PROGRAMS 


BEARINGS 


It  is  quite  clear  that  the  most  serious  obstacle  to  the  achievement  of  simple 
mechanical  arrangements  in  small,  advanced  engines  is  the  potentially  low  fatigue 
life  of  the  HP  rotor  thrust  ball  bearing  at  DN*s  approaching  3  x  10®.  This  problem 
is  much  more  serious  in  the  2-  to  10-lb/sec  size  advanced  engines  than  in  large 
engines  because  concepts  such  as  the  hollow  or  drilled  ball  are  not  adaptable  to 
bearings  with  very  small  balls.  In  the  2-lb/sec  engine  analyzed  in  this  study, 
the  DN  of  the  HP  rotor  ball  bearing  was  reduced  to  2. 5  x  10®  to  achieve  a 
calculated  Bjq  fatigue  life  of  100  hours  without  multipliers  for  M50  material  or 
load  factor.  If  the  normal  multipliers  of  5  for  consumable  electrode  vacuum 
melted  (CEVM)  M50  and  of  approximately  2  for  load  factor  are  used,  a  bearing 
with  a  calculated  Bjq  life  of  100  hours  should  actually  achieve  a  life  of  1000  hours 
in  service.  However,  a  service  life  of  1000  hours  is  not  adequate  for  most 
applications. 

The  approach  which  appears  to  offer  the  most  promise  in  extending  the  service 
fatigue  life  of  small  ball  bearings  is  the  development  of  improved  bearing 
materials. 

Indeed,  the  General  Electric  Company  has  done  a  great  deal  of  work  along  these 
lines.  In  one  case,  a  development  program,  under  contract  NC)w-65-0070-f  from 
BuWeps,  Department  of  the  Navy,  was  conducted  on  the  feasibility  of  "ausforming" 
full-scale  bearing  components  and,  by  life  testing,  establishing  the  effects  of 
ausforming  on  bearing  life  and  reliability.  ‘'Ausforming"  is  a  processing 
technique  which  consists  of  mechanically  workii  „  a  steel  while  the  material  is  in 
the  metastable  austenitic  condition.  In  the  work  done  by  GE  under  the  BuWeps 
contract,  207  size  (35  mm)  ball  bearings  (7/16-in. -diameter  balls)  were 
manufactured  with  normal  CEVM  M50  material  and  with  M50  ausformed  to  40%, 
70%,  and  80%  deformation;  based  on  the  fatigue  testing  of  limited  samples  of 
bearings,  it  was  found  that  all  of  the  ausformed  bearings  had  dramatically  higher 
B^q  fatigue  life  than  the  standard  M50  bearings.  Indeed,  the  ausformed  bearings 
processed  with  80%  deformation  had  a  Bj^q  fatigue  life  9  tii.ies  greater  than  that 
of  sb  f’dard  M50.  Applying  a  multiple  of  5  for  standard  M50  and  a  multiple  of  9 
for  ausformed  M50  would  result  in  an  actual  Bj^q  life  of  4500  hours  based  on  the 
material  effect  alone  for  a  bearing  having  a  full  load  calculated  Bj^q  life  of  100 
hours. 

It  is  therefore  recommended  that  a  systematic  verification  test  program  be 
conducted  on  ausformed  M50  bearings  of  35  mm  bore  diameter,  a  size  likely  to 
be  used  in  a  2-lb/sec  advanced  engine.  The  selection  of  this  size  also  has  the 
advantage  that  the  results  would  augment  the  data  obtained  by  GE  during  the 
BuWeps-sponsored  35  mm  ausformed  bearing  program. 


By  fatigue  testing  a  s'lfficiently  large  quantity  of  ausformed  bearings  at  loads, 
temperatures,  and  DN's  likely  to  be  encountered  in  advanced  2-lb/sec  engines, 
actual  fatigue  life  can  be  determined  and  verified.  The  tests  on  these 
ausformed  bearings  should  be  conducted  with  both  MIL-L-7808  and  RlIL-L-23699 
oil  to  provide  information  on  the  effects  of  these  oils  on  B^q  fatigue  life.  In 
addition,  tests  should  be  conducted  with  the  oils  filtered  at  various  micron  levels, 
such  as  3  and  10  absolute,  in  an  attempt  to  establish  the  level  of  fine  filtration 
required  for  long  bearing  life. 

In  view  of  the  inaccuracy  of  the  present  power  loss  equation  for  small  high  DN 
bearings,  and  in  view  of  the  need  to  improve  heat  rejection  predictions  on  small, 
advanced  engines,  the  following  tests  should  be  conducted  on  small  ball  and 
roller  bearings  at  DN's  of  2  to  3  x  10®; 

1.  The  actual  power  loss  should  be  measured  io  develop  a  new 
empirical  equation. 

2.  In  view  of  the  limited  fuel  cooling  sinks  on  small,  advanced  engines, 
ways  of  minimizing  bearing  power  loss  should  be  evaluated.  This 
includes  a  comparison  of  jet  oil  and  underrace  lubrication. 

3.  Tests  should  also  be  conducted  to  determine  time-to-failure  with 
loss  of  oil  at  DN’s  of  2  to  3  x  10  and  to  evaluate  ways  of  extending 
operation  with  loss  of  oil. 

SEALS 

Along  with  very  high  DN  bearings,  small  advanced  two-shaft  engines  will  require 
the  use  of  seals  at  speeds  above  30, 000  ft/min.  At  these  speeds,  labyrinth  seals 
can  be  used.  Thus,  seals,  per  se,  are  not  considered  to  be  a  barrier  problem, 
however,  the  high  seal  leakage  will  require  a  high  capacity  vent  system  with  the 
attendant  higher  weight. 

An  alternative  to  the  use  of  labyrinth  seals  is  the  use  of  face-type  carbon  seals 
which  have  the  potential  of  operation  at  speeds  above  30,000  ft/min.  It  is 
recommended  that  a  test  program  be  conducted  to  develop  a  small,  high  speed 
face-tj^e  carbon  seal  capable  of  speeds  of  30,000  to  35,000  ft/min.  To  achieve 
satisfactory  life,  this  seal  may  require  hydrostatic  or  hydrodynamic  film  features 
as  described  in  Reports  R70AEG345  and  R70AEG421  (pages  3  and  29  ).  The 
purpose  of  these  tests  would  be  to  assure  that  adequate  life  can  be  achieved  at 
face  runouts  that  will  be  encountered  in  small  engines. 
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BEARING  AND  SEAL  TECHNOLOGY  NEEDED  (PHASE  V) 


Shaft  seals  per  se  are  not  a  barrier  problem  in  small,  advanced  engines  because 
of  the  availability  of  labyrinth  seals  which  are  not  speed  limited.  However,  as 
DN  values  approach  3  x  10^,  calculated  bearing  B2^q  life  indicates  that  improve¬ 
ments  are  necessary.  In  parallel  with  the  test  programs  recommended  in  the 
previous  section,  consideration  should  be  given  to  the  following: 

1.  For  the  aft  sump  of  a  two-sump  engine,  the  use  of  nonreturn  air/oil 
mist  lubrication  of  the  roller  bearings  should  be  evaluated  in  view 
of  the  following  advantages: 

a.  Roduces  the  cooling  load  in  the  fuel  oil  cooler. 

b.  Allows  simplification  of  the  aft  sump,  seals,  and  vent  system. 

c.  Eliminates  two  scavenge  lines,  thus  reducing  vulnerability. 

2.  Although  the  effect  may  not  be  significant  in  very  small  sizes,  the 
use  of  a  roller  bearing  adjacent  to  the  HP  ball  bearing  should  be 
evaluated.  This  arrangement,  used  in  the  large  GE  TF39  and  CF6 
turbofan  engines  and  in  the  small  Rolls-Royce  RS360  turboshaft 
engines,  offers  the  following  possible  advantages: 

a.  The  life  of  the  high  DN  ball  bearing  may  be  enhanced  by  using 
the  roller  bearing  to  relieve  the  ball  bearing  of  radial  load. 

In  this  way,  the  internal  geometry  of  the  ball  bearing  may  be 
optimized. 

b.  By  increasing  internal  clearances  in  the  ball  bearing,  the  time- 
to-failure  with  loss  of  oil  may  also  be  improved. 

3.  While  recognizing  that  the  seal  speed  woixld  be  very  high,  the  use  of 

a  differential  ball  bearing  in  the  aft  sump,  with  counterrotation  shafts, 
should  be  studied.  If  the  seal  speed  problem  could  be  solved,  counter¬ 
rotation  offers  a  means  of  increasing  the  ball  bearing 
dramatically. 

4.  Another  possible  solution  to  the  low  fatigue  life  in  the  HP  ball  bearing 
as  DN's  approach  3  x  10®  is  the  use  of  some  type  of  fluid  film  bearing. 
The  following  is  therefore  recommended: 

a.  The  Army  should  continue  work  on  air  bearings. 


40 


■miPP 


Programs  should  be  initiated  to  develop  low  power  loss  oil 
film  type  thrust  bearings.  One  approach  may  be  the  hybrid 
boost  bearing  *.  The  other  approach  may  be  a  hydrodynamic 
or  hydrost£itic  oil  filni  thrust  bouring# 

The  higher  heat  rejection  of  oil  film  bearings  will  require  the 
use  of  a  shaft-driven  fan  air/oil  cooler  which  will  probably 
be  required  in  any  case,  since  the  very  high  power  takeoff 
shaft  speed  will  require  use  of  an  integral  reduction  gearbox 
with  its  inherent  high  heat  rejection. 


*  Wilcock,  D.  F. , 
OF  OBTAINING 
ASME  Trans ^ 


and  Win,  L.W. ,  THE  HYBRID  BOOST  BEARING,  A  METHOD 
long  life  in  rolling  contact  BEARING  APPLICATIONS, 
July  1970,  pp  406-414. 
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CONCLUSIONS 


Based  on  the  study  of  large  and  small  engine  bearing  and  seal  technology,  the 
following  conclusions  have  been  reached: 

1.  Because  of  the  availability  of  labyrinth  seals,  shaft  seals  are  not 
expected  to  be  a  barrier  problem  in  small,  advanced  engines.  However, 
labyrinth  seals  and  associated  vent  system  will  require  careful  design 
to  prevent  excessive  oil  consumption. 

2.  As  in  large  engines,  the  higher  bearing  DN's  that  will  be  required  in 
small,  advanced  engines  will  result  in  reduced,  calculated  Bj^q  fatigue 
life.  However,  the  problem  of  fatigue  life  at  very  high  DN's  is  expected 
to  be  more  severe  because  the  large  bearing  solutions  of  hollow  balls  or 
drilled  balls  are  not  very  adaptable  to  small  engine  bearings. 


3.  In  addition  to  developing  techniques  for  maximizing  Bj^q  fatigue  life  of 
high  DN  ball  bearings,  other  types  of  thrust  bearings  such  as  hybrid, 
air  or  fluid  film  may  ultimately  be  required  to  take  full  advantage  of 
advanced  components  in  small,  front  drive  turboshaft  engines. 
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RECOMM  ENDATIONS 


On  the  basis  of  the  study, the  following  recommendations  are  made: 

1.  Systematic  tests  should  be  conducted  on  35-mm -bore-diameter  ball 
bearings  manufactured  from  ausformed  M50  material  to  determine 
actual  fatigue  life  at  the  loads,  temperatures,  and  DN's  that  are 
likely  to  occur  in  advanced  2-lb /sec  engines.  During  these  tests,  the 
effects  of  using  MIL-L-7808  or  MIL-L-23699  oil  and  filtration  level 
should  be  evaluated. 

2.  Systematic  tests  should  be  conducted  on  small  ball  and  roller  bearings 
to  establish  heat  generation  equations  that  are  accurate  in  the  2  to 

3  X  106  DN  range.  These  tests  should  explore  means  of  achieving  the 
desired  race  temperatures  at  minimum  heat  generation  and  power  loss. 

3.  A  program- should  be  established,  including  component  testing,  to  develop 
small  face-type  carbon  seals  capable  of  operation  at  rubbing  speeds  of 
30, 000  to  35,000  ft/min.  The  test  seals  should  be  operated  under 
realistic  environmental  conditions  of  temperature,  pressure ,  and  face 
runout. 

4.  In  addition  to  continuing  existing  air  bearing  programs,  programs  should 
be  initiated  to  develop  small,  high  speed  oil  film  thrust  bearings. 

5.  In  view  of  the  potential  to  achieve  a  large  increase  in  Bj^q  fatigue  life, 
ausformed  M50  bearings  should  be  considered  for  highly  loaded  ball 
bearings  operating  at  speeds  above  2.0  x  10®  DN. 
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